The nucleus 'Be is investigated by an extended molecular-orbital model and by the generator coordinate method in the simple LCAO approximation. The Hartree-Fock calculations show that a-cluster structures are stable in intrinsic states and the degree of clustering depends crucially on motions of the valence neutron. The generator coordinate calculations give good descriptions of the energy level structures of normal and non-normal parity states in terms of rotational bands. Energy spectra of 'B are given as well. A K"=1/2-band is also predicted. The ground state properties, that is, r.m.s.-radius, Q-moment and .a-moment are reproduced as quite well as electric transitions and charge form factors for the members of the ground rotational band. It is concluded that the molecular model admirably succeeds in systematic explanation of the low energy properties of 'Be. Comparisons are made with the simple shell model and the projected Hartree-Fock calculation by Bouten et al. § I. Introduction
The Structure of 9 Be Nucleus by a Molecular Model. I state charge form factor at low momentum transfers with a quite large deformation ( 7J = + 5.3). It was pointed out, however, that higher-order terms other than r 2 Y20 must "be added to the Nilsson potential to describe the properties of the 5/2-state at 2.43 MeV and that the sort of deformation was a dumbbell of two a-particles. A projected Hartree-Fock (P.H.F.) calculation with large admixtures of higher major shells was made by Bouten et al. 5 l They succeeded in reproducing the inelastic form factor to the 2.43 MeV level as well as the elastic charge and magnetic form factors. The charge distribution of their ground wave function has been found to be of a dumbbell type and to be almost the same as that obtained by the present investigation in § 5.
The above investigations from the shell model picture resulted in a simple conclusion that the ground rotational band in 9 Be was well described by a strong coupling of the valence neutron with the rotor of the two a-particles. On the basis of the ground state structure, we can expect a variety of excited states as results of various couplings of the valence neutron with a-cluster motions, even though some of them may be unstable against particle decays. The nonnormal parity levels observed in 9 Be can be considered to be such states. They, especially the 1/2+ state, appear at extremely low excitation energies, which are very difficult to understand within the shell model picture. A weak-coupling model, where the valence neutron is coupled to the motion of 8 Be core, was applied by several authors") to the non-normal parity levels, apart from the normal ones. They were successful in reproducing the energy spectra, but failed in explaining electron scattering data.
From the molecular viewpoints, Kunzn first carried out a calculation in a cluster model consisting of two a-particles plus a neutron with some success. He succeeded in reproduction of the normal parity levels, but failed in the quadrupole moment and the charge form factors. Hiura and Shimodaya 8 l showed that too large a quadrupole moment was reduced by a dynamical treatment of the relative motion between the a-particles. Neudatchin et al. 9 l extracted the degree of cluster separation by analyzing the charge form factors. As shown in a later section, the elastic charge form factor is improved by a microscopic treatment.
The purpose of the present paper is to investigate all the low energy properties of 9 Be systematically from the molecular viewpoints, that is, from the various couplings of the valence neutron with motions of the two a-clusters. For this purpose, a molecular-orbital modeP 0 l is extended to odd-A nuclei, where the orbitals of the valence nucleon are approximated by the simple linear combination of "atomic" orbitals (LCAO) and the Pauli principle is exactly taken into account among all the nucleons. The molecular-orbital model is recapitulated in § 2. In § 3, the stability of a-cluster structures in 9 Be is investigated under the presence of the odd neutron. In § 4, adiabatic solutions are given at each cluster separation. The molecular-orbital model is extended to odd-A_ systems, which has been de1·ised in order to investigate the stability of a-cluster structure in --LV-nuclei. In the model single-particle wave functions are expanded in terms o£ "atomic" orbitals around cluster centers, for which harmonic oscillator wa1·e functions are taken for convenience' sake. They are classified according to the irreducible representations of the group corresponding to the imposed symmetry. The orthonormalized orbitals constructed with the t1vo-cenier basis are given in the Appendix.
The total intrinsic wave functions, (/JK,c, or ([JKc,, where K, ~, and :"z are the projection along the symmetry axis of the total angular momentum, the parity and the .c::-component of the isospin respectively, are constructed in Slater determinants, for example,
In the simple LCAO approximation the 1vave function o£ 8 Be is the same as that of Brink's a-particle modeJlD and an orbital of the valence neutron is represented by (0/J) as in Eq. (1). The size parameter of atomic orbitals b = \/ !i/~\J.~o and the cluster separation S arc treated as variational parameters.
In order to investigate the stability o£ a-cluster structure the Hartree-Fock (H.F.) calculations are carried out in § 3. In odd-.:1 system the so-called selfconsistent symmetry 121 does not exist any more, but 1-ve define a single-particle Hmnil tonian, hs.p. ( ¢), where the time Te\·ersal symmetry is cons en eel, <1nd take it as an H.F. Hamiltonian. hs.p.(rj;) =1/2(h(rj;) -'r-h(rV)). 
\Yhere :~ and (( represents ir;tegrations with respect to c.m. coordinates. The total nuclear wave function ·with good angular momentum J and parity
Eigenvalues and \Yeight functions f/" (S) are determined by the Hill-\Vheeler equation,13)
where in practical calculations we take a finite linear combination of trial wa\"e functions instead of the integral. We used the following Hamiltonian: (6) T is the sum of single-particle kinetic energy operators and In § 5, the charge form factors to the ground rotational band are discussed.
They are defined as follo\vs: 16 l jF(q')
The correction for the c.m. motion is done by multiplying j Fj -vvith the factor, Before discussing nuclear spectra, we investigate an average nuclear field \vith a-cluster structure in the H.F. approximation. To start with, diagonal energy curves are shown in Fig. 1 , where total intrinsic wave functions are constructed in the simple LCAO approximation as in Eq. (1). It is readily seen that they have minima at cluster separations equal to about 2.7 fm and 3.7 fm for the normal and non-normal parity states respectively. This indicates that the degree of clustering changes correspondingly to the motions of the valence neutron, because the total parity is essentially determined by the single-particle orbital of the neutron. The total energy at each minimum point is also minimized with respect to the size parameter b. The value of b is equal to about 1.46 fm, which is larger than that of a free a-particle (b = 1.37 fm, for the same force). Thus a-clusters in 9 Be polarize in a monopole type.
For the purpose of examining the stability of average nuclear fields with the above a-cluster structures, we carry out the H.F. calculations in the vicinity of the minimum points. The results are shown also in Fig. 1 . The solutions obtained with the starting density of a+ 5 He configurations are almost the same as those in the truncated space conserving the parity. This shows that a mixing of the parity in the single-particle orbitals is not necessary. The energy gains due to the H.F. calculations are quite small at the minimum points; L!E-=0.5 MeV and LJE+==:2.0 MeV. The overlaps are very large between the H. F. solutions and the simple LCAO wave functions. It is noticed here that there is some difference between the normal and the non-normal parity states. As is seen in Fig. 1 , the energy cun·e for the non-normal parity state remains steep at small cluster separa-
-50 model, which is given in the limit This is consistent vvi th the results tions in the H.F. calculations, which IS m contrast to the normal parity states. This may imply that the truncated space is not so enough for the non-normal parity state as for the normal parity states, although the non-normal parity state has a distinct cluster structure. Thus it is well expected that the a-cluster structure is not destroyed by the presence of the valence neutron and that the simple LCAO approximation gives good descriptions to this nucleus.
In the following, we summarize properties of single-particle states obtained. Single-particle levels are shown in Fig. 2 . The energy difference between the lowest two occupied levels with the same isospin is smaller than that in the simple shell Sjb=O. in the simple LCAO approximation.
of the (p, 2p) reaction.m The reason why neutron and proton levels split is that the single-particle Hamiltonian used in the present calculations depends on the isospin through the nuclear density, even if without the Coulomb interaction. Finally we analyze the single-particle orbitals by expanding them in terms of harmonic oscillator bases {lnlm)}. In Table II the expansion coefficients are listed, together with those of the other models.')· 5 ) It is found that the present results are very close to those of the P.H. In this section energy levels of 'Be are calculated m the framework of the simple LCAO approximation, which has been found to be quite good in the preceding section. In the final nuclear spectra shown m Figs. 4, 5 and 6, we take into account the effects of the dynamical motions of center-of-mass of a-clusters, which are expected to be important in such a weakly bound system as 9 Ee. First, total energy curves for nuclear states are investigated. K-band mixing is taken into account at each cluster separation. The resultant solutions are called adiabatic ones. It follows that the model wave functions become the weak-coupling configurations of a+ 5 He (j"CHe) =1/2-, 3/2-) in the limit of large Sjb. In the limit of small Sjb they go naturally to those of the SU(3) model with Kmixmg. Results are shown in Fig. 3 . The curve for each nuclear state has a minimum up to J"=9/2'", whereas in the SU(3) model the highest spins are 9/2-for (J.p) = (31) and 13/2+ for (J..p) = (60). These minimum points are apparently different for each parity of the nuclear states; S;;;in=3.3fm and s;;;in=4.4fm. It is worth while noticing that the degree of clustering in the positive parity states is more distinct than in the ground band of sEe. The insufficiency of the absolute binding energy and the steepness of the energy curves in comparison with the case of sEe are mainly due to the odd-state repulsion of the effective force.
The relative motion between a-clusters is solved by the GCM. In solving Eq. (5), we use five and seven mesh points from the point 1.5 fm by the step 1.0 fm for the normal and non-normal parity states respectively. As for sEe, we use the same mesh points as those for the normal parity states. Resultant energy levels are compared with experiment in Fig. 4 , together with those of 9 E. It is clear at a glance that they are in good agreement with experiment, not only in the normal parity states but also in the non-normal parity states. Furthermore, the present calculation reproduces the Coulomb energy difference observed between the ground states of 9 Ee and 9 E. As shown in Fig. 4 , the present calculation predicts: (a) a 9/2-member of the K" = 3/2-ground band at about 10 MeV, but no experimental candidate observed yet, (b) a 7 /2-member of the K"=1/T band may correspond to the 11.28 MeV state, which is considered to be a mirror state of the (7/2)-level at 11.75MeV in 9 band in the neighborhood of the 3/2+ level, so precise measurements of magnetic transitions to this energy region are strongly desired. As for the non-normal parity states, the present results are also shown in Fig. 4 . The results are very similar to those of the other models. al, 18 l The excitation energies of the states, however, are well reproduced in the present calculations, although the 1/2+ state is predicted to be somewhat higher than experiment, which is probably due to the restriction of the model space used. The present calculation does not predict stable second 1/2+, 3/2+ and 5/2+ states which are predicted by a weak-coupling model. 6 l Overlaps between the GCM solutions and the adiabatic ones at mmuna are listed in Table III , together with the energy gains due to the G.C. calculations. As a whole the overlaps with the dominant simple LCAO bases are fairly large. There exist some other large ones, but they come mainly from the overlaps between the bases themselves. This means that the obtained levels can be classified into rotational bands with good K quantum numbers. The reasons why axial symmetries hold so well are due to strong effects of the spin-orbit force and the Pauli principle ·which restricts the motion of the valence neutron. The overlaps with the adiabatic solutions at minima are almost the same as in the case of 8 Be in magnitude, which has some influence on particle decay widths, especially of the non-normal parity and higher excited states. Analyses of them will be given m the forthcoming paper.
The dependence of energy levels on the Majorana exchange mixture m IS shown in Figs. 5 and 6. The level structure is not strongly affected by m, but the energy difference between the normal and non-normal parity states depends on m rather strongly.
As for the spin-orbit force, both one-body and two-body forces give similar results. Results with one-body force are given in Fig. 7 . The dependence on the strength ~ is different in each model. In the shell model, 18 ) 3/22 -, 5/22-and 7/21-levels are predicted very closely and in the P.H.F. calculation 5 ) the order of 5/22-and 7/21-levels is reverse to the present prediction. Thus the differences are important in distinguishing the models, which are clearly seen in Fig. 8 . But unfortunately experimental data are not sufficient for a definite conclusion. As is well known, electromagnetic properties are useful in testing model \Y<n-e functions. In this paper we restrict ourseh-es to analyses of the ground rotational band. Recently many interesting experiments 11 ' 191 haYe been carried out for the JJO'l-normal parity states. They will be dealt with in a forthcoming p;1per. 
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Nilsson Medel LCAO Model Bernheim et al. 22 l h2ve measured the elastic charge form factor up to q 2 =9. fm-2 • As sho,\·n in Fig. 11 , the present calculation achieves an O\Terall fit to the experimental data as well as that of the SU(3) model and th.e P.H.F. calculation by Bouten et al., 5 l whereas the extended Nilsson model by Slight et al. 4 l has discrep0ncy at high momentum transfers. A failure of Kunz's classical aparticle modeln is found to be due to 011 assumption of too large a deformation 0nd due to a disregard of an overall antisymmetrization, as is clearly seen in Fig.  11 . The differences among the moclels are intuitively understood by inspecting charge densities of the intrinsic states, for in strongly deformed nuclei, the concept of intrinsic state is good. Comparisons of the charge densities are made in Fig.   10 . The pres'='nt result is quite similar to Bouten's. Higher order deformations should be added to the Nilsson potential.
As shown in Fig. 12 , the present calculation reproduces experimental data on the inelastic form factor to the 5/2-level at 2.43 MeV,''· 24 '' 25 ' and also the experimental transition probability B(E2). 19 '' 25 ' Inelastic scattering to the 7/2-level at 6.76MeV has hardly been measured since Nguyen Ngoc et al!5l The calculated form factor is in good agreement with experiment. In the SU(3) model the form factors and B(E2) 's cannot be explained at the same time, even if with effective charges. The present model predicts fairly strong inelastic scattering to the 9/2-level, which is forbidden in the usual shell model. The calculated form factor is also shown in Fig. 12 . Unfortunately experimental data are not available yet. q'(fm 2 1 Fig. 11 . In the upper part, elastic charge form factors are compared among several microscopic models, and in the lower the classical a-particle model'' is compared with the present calculations. The solutions with parameters SETI are used in the present calculations. PRESENT (Sm1n) is the adiabatic solution at an energy minimum point. The value S=4.6 fm is determined by fitting the moment of inertia in the classical a-particle model. The molecular-orbital model has been extended to the odd-A system 9 Be.
The motion of the valence neutron is described in terms of the LCAO and the relative motion of two a-clusters is dealt with by the GCM. The H.F. calculations have shown that both normal and non-normal parity states have stable a-cluster structures and that the latter has larger cluster separation than the former, which means the degree of clustering in 'Be depends crucially on motions of the valence neutron.
Corresponding to motions of the Yalence neutron, seyeral bands haYe been obtained "With quite good K quantum numbers. The present investigation has predicted a stable 9/2-member of the K" = 3/2-ground rotational band, which has not yet been observed experimentally. A K" = 1/2-band has been also predicted in a good rotational sequence, "Which is a different situation from the shell model prediction. Only the 1/2-member has a corresponding level established experimentally at 2.78 MeV. 5/2-and 7/2-members have candidates in 'Be or in 'B, but a 3/2-member has no evidence except strong magnetic transitions to 5 MeV region. The present calculation has predicted a reverse order o£ 5/2-and 7/2-le,·els to the prediction of the P. It is concluded that the molecular model is quite successful in explaining not only the ground rotational band but also all the observed levels up to about 11. MeV of 9 Be systematically, on the basis of a simple and intuitive picture. Analyses of the other electromagnetic properties and particle decay \viclths will be given in a forthcoming paper.
